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EXECUTIVE SUMMARY

A numerical model to simulate the bursting of a high-pressure flask of helium gas located within
a cylindrical launch tube is described. The model provides an upper estimate for the launch tube wall
pressures by assuming that the helium flask failure can be treated as a bursting balloon. The gas dynamic
equations for the expansion of the 5000 psig helium region are solved utilizing the finite element program
FlexPDE to obtain time-dependent solutions for pressure, gas density and velocity. The work is
motivated by a desire to understand and interpret field tests conducted by NRL at Blossom Point in June,
2010 for the experimental fuel cell (XFC) unmanned aerial system (UAS). The primary objective of these
tests was to determine the failure mode of the hydrogen fuel flask and the extent of fragmentation
damage. The test demonstrated that the fragmentation damage to the XFC launcher tube was minimal.
Launch tube side wall and end cap pressure-time measurements were also recorded during the flasks burst
for both helium and hydrogen gases. Transducer data are compared with the numerical simulations of the
gas dynamic model.
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Numerical Simulations of Pressure Spikes within a Cylindrical Launch Tube
due to a Bursting Helium Flask

BACKGROUND'

The Naval Research Laboratory (NRL) is exploring the use of polymer electrolyte
membrane (PEM) fuel cells and gaseous hydrogen to power unmanned air vehicles. One area of
safety concern is the failure of the fuel tank (H , flask) which contains 5000 psig hydrogen. For
use aboard naval vessels, containment of this highly flammable gas inside the launching system,
which is a cylindrical pressure vessel, is of paramount importance. The hydrogen flasks are
manufactured for the NRL Experimental Fuel Cell (XFC) program by HyperComp Engineering,
Inc. The flasks are made of a composite carbon fiber overwrapped aluminum liner and are
available in two sizes of 1.9 L or 4.0 L volume (Fig. 1). The 1.9 L flask has a hydrostatic
bursting pressure greater than 9925 psig and the 4.0 L flask has a hydrostatic burst pressure
greater than 8850 psig. The 1.9 L flask is cylindrical in shape with an approximate length of 10
inches and a diameter of 3.8 inches.

Figure 1 Four 1.9 L and a 4.0 L hydrogen flasks.

In June of 2010 these pressurized flasks were destructively tested at Blossom Point inside an
open section of the XFC launch tube. The primary test objective was to obtain information on
the methods of failure when the pressurized flasks were subjected to mechanical damage. The

Manuscript approved August 24, 2011.



2 Harold D. Ladouceur and Benjamin Gould

damage was created by firing an aluminum slug with a conical tip (.024 Ib) from a pneumatic air
gun used in NAVSEA 8020.8B friability tests. The nature of the flask failure depended upon the
impact point of the gun’s slug. End bell failures resulted in pinhole leaks with subsequent
rocketing of the flask inside the launch tube. Induced side-wall failures caused the flasks to
burst.

The flasks were mounted inside an opened section of the XFC launch tube (Fig. 2). The
launch tube is approximately 20 inches in diameter and 36 inches long. In actual deployment,
the closed launch vessel would be filled with nitrogen gas to eliminate the possibility of
hydrogen combustion.

Flasi‘
P b
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Figure 2 Image of XFC launch tube with 1.9 L flask inside. Pressure transducers location are indicated by A,
B, and C.
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Pressure transducers were located in the launch tube side wall (A,B), and the end cap. The side-
wall and end-cap transducers were Kistler 601B1s blast probes. These probes are utilized to
measure pressure in blast experiments and have response times less than 4 us and a pressure
range of 0-1000 psi.

PRESSURE EXPANSION MODEL

The sudden release of the high pressure gas contained within the fuel flask can be
modeled as a gas jet flowing out of a given diameter circular hole (end-bell failure) or by
assuming that the flask walls burst like a balloon (side-wall failure). In the side-wall failure
mode, the initial conditions that specify the gas pressure and density correspond to a cylindrical
region without confining walls whose volume and location within the XFC launch tube are
identical to the fuel flask geometry. However, this representation of the initial conditions can
introduce numerical problems due to the sharp spatial and temporal discontinuities at the flask
wall boundary. Thus, a smooth and continuous analytic function (super Gaussian) of position
whose volume integral yields the flask volume is utilized to describe the initial conditions of
pressure and density. In the model developed here, the initial helium pressure distribution is

given by
8 10
P(r,z)= (P, —P, Jexp| 2| = | |exp| 2| —2=% | |+P
’ e Tt r, (z,-12,).66 "

where P, denotes the initial helium tank pressure, By is the nitrogen pressure within the XFC
launch tube, and r, corresponds to the helium flask radius (4.83 cm). The bottom and top planes

of the cylindrical helium flask intersect the z-axis at z, and z, respectively. The parameter z; is

z, EL—ZZ;ZlJ.

Thus, the flask center is located on the z-axis at z,. The exponents are empirically selected to

given by

provide an initial pressure region which corresponds to the fuel flask geometry. The number .66
is determined by the requirement that the volume integral over the initial high-pressure region
equals 1.9 L. Some numerical simulations were run with larger values of the exponents. The
numerical results were not very sensitive to the values of the exponents. Figure 3 shows a
contour plot of the initial pressure distribution within the launch tube calculated from the analytic
model.
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Figure 3 Initial pressure contours (psi) within the cylindrical launch tube. Pressure probe positions are
indicated by A, B, and C.

The system of partial differential equations (PDEs) which govern the expansion of the
high-pressure helium gas is given by 2

2—'[;+V-(p\7):0

p[%+\7-V\7j+VP:O

a—P+\7-VP—a2(a—p+\7-ij=8—P+\7-VP+7/PV-\7=O a’ =yR,T
ot ot ot

The first equation represents the conservation of total mass, the second equation is the Euler
momentum equation and the last equation is the speed of sound equation which can be employed
in place of the energy equation for an isentropic expansion. The variables of interest are the gas

density p, the pressure P within the launch tube, and the gas velocityV . The quantity a is the
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speed of sound which depends upon the gas temperature T . y is the specific heat ratio of the gas
(1.66 He) and R, is the specific gas constant (2078.6 J/kg-K).

The system of PDEs given above governs the flow of an ideal or inviscid fluid. In
developing numerical solutions of such time-dependent systems, small inaccuracies introduced at
the boundaries or in the initial conditions may cause the calculations to become unstable®. If the
fluid is physically viscous, these instabilities would be damped or dissipated by the introduction
of a viscosity term. However, the viscosity of most gases is quite small and the damping effect
requires a fine grid resolution and rather small time steps to resolve shock structures. Practical
numerical implementation of actual gas viscosity effects can be directly incorporated into thin
regions (boundary layers) near physical surfaces. For the bulk fluid flow, such implementation is
computationally expensive. An alternative approach first proposed by Von Neumann and
Richtmeyer” is to introduce an artificial viscosity to resolve shock structure. Artificial viscosity
provides a mathematical dissipation analogous to the real physical viscosity of the gas. The
calculation of the jump conditions developed across a shock structure is obtained by spreading
the shock structure over several grid points or a “smear distance” AL . This approach provides
the correct jump conditions, but bears no relation to the actual shock thickness produced by
physical viscosity. The introduction of artificial viscosity terms, gives the following system of
equations

op 7\ _ 2

EJrV-(pV)—gV Yo,

%+\7-V\7+V—P=5V-(V\7)

ot P
a—P+\7.VP—a2(a—p+\7~V,oj=8—P+\7~VP+yPV~\7=gv2P
ot ot ot

g=aAlL a’=yR.T

The quantity ¢ has the dimension of length*/time similar to the Fick’s law diffusion coefficient.
The introduction of this term into the equations provides for spatial diffusion of the dependent
variables over time. The insertion of the artificial viscosity term into the PDEs may seem
somewhat ad hoc. However, one can rationalize this approach by considering a modification of
the textbook derivation of the conservation laws. In the customary derivation, the PDEs are
derived from Taylor series expansions of the dependent variables over a small spatial control
volume with neglect of the quadratic terms in AX, Ay, Az . The retention of these quadratic terms

will provide the artificial viscosity formulation.
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NUMERICAL RESULTS

Figure 4 shows the calculated pressure at the launch tube side wall for a probe located at
position A in Figure 3 (.242 m, .6 m) as a function of time. The calculated pressure history at the
wall is quite sensitive to the probe’s axial position. Figure 5 shows the calculated pressure at the
launch tube wall for a probe located at position B (.242 m, .359 m) in Figure 3. This position
corresponds to a location which is centered on the lateral surface of the fuel flask.

Figure 4 Calculated side wall pressure (psi) for a probe located at position A in Figure 3. The initial
conditions correspond to Figure 3.
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Figure 5 Calculated side wall pressure (psi) for a probe located at position B in Figure 3. The initial
conditions correspond to Figure 3.

The side wall pressure varies with the axial location by as much as factors or five to six. The
pressure amplitude also is dependent upon the assumed initial pressure. To account for the
difference in peak pressures, the initial flask pressure in the numerical simulations prior to
bursting was reduced to allow for the gas’s mechanical energy (Helmholtz energy A(T,V)) loss
in tearing the flask apart. The Helmholtz energy is defined by’

A=E-TS dA=—-PdV —SdT

where E denotes the internal energy and S is the entropy. In an isothermal expansiondT =0,
and the Helmholtz energy change is equivalent to the negative of the reversible pressure-volume
work W, . If one assumes ideal gas law behavior and an isothermal process, the change in the

Helmholtz energy with pressure can be calculated from the following equation

AA=PV,In| 2 =R,Th Bl_w,
P P

1 1

where P, is the initial gas pressure, V, denotes the initial flask volume and T is the initial gas
temperature. Figure 6 shows the calculated change of the Helmholtz energy with pressure. The
black curve assumes an isothermal expansion and ideal gas behavior. The reference state is
taken as P, =1.0 atm pressure and a temperature T =300K . Above 50 atm pressure, the system
deviates from ideal gas law behavior as shown by the red curve. This curve was obtained using
the Cheetah 6.0 equation of state for Helium® and calculating PV, — PV, directly from the
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Cheetah output. Note, that the Cheetah code utilizes the ideal gas law to calculate AA as
indicated by the black dots in Figure 6. A key point of this figure is the nonlinear behavior of the
Helmholtz energy as a function of pressure. At 5000 psi (340 atm), the available Helmholtz
energy is 872 cal/g. A 50% reduction in the available energy corresponds to an initial pressure of

about 254 psi ( Helmholtz Energy
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Figure 6 Calculated Helmholtz energy as a function of flask pressure. The PV curve is a calculation for non-
ideal gas behavior.

To account for the difference in the observed peak pressure versus the model prediction,
a number of simulations were run with reduced initial flask pressures. This is justified because
the walls of the flask do not simply dissolve and for the energetics of a pressure vessel failure,
the theoretical stored mechanical energy is often derated’.

Of particular interest is the pressure dynamics on the end cap (position C) because in the
XFC-UAS launch canister the end cap is the structurally weakest member and most prone to
failure during a flask burst. Figure 7 compares the calculated pressure at the end cap to the
measured pressure during a flask burst. Qualitatively, the model shows similar behavior to the
experimental data with a high initial peak followed by damped pressure oscillations in time. The
peak intervals occur at similar timescales and show reasonable agreement between the
experiment and model given the disparity between the balloon bursting model and the observed
flask failure behavior. Peak pressures are somewhat higher in the model, which assumes
perfectly rigid launch tube walls unlike the real system; this assumption might contribute to the
difference in peak pressure since it provides no mechanism for absorption of the incident energy
in the pressure pulse.
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Figure 7 Experimental and calculated end cap pressures as a function of time for probe located at position C
in Figure 3.

END-BELL FAILURE MODE LEAKAGE RATE

The rate of gas leakage from the fuel flask due to a circular puncture of radius I, can be

calculated by assuming that the gas flow is choked, isentropic and a quasi-steady process. The
assumption that the gas expansion is quasi-steady is justified by the observation that the
instantaneous gas pressure throughout the initial expansion process is considerably higher than
the initial pressure within the launch tube and that the pressure relaxation time with an acoustic
speed of 8a. =2634m/s over the flask length is on the order of 0.1 ms. The mass flow (kg/s) is
given by

dM _ Tzr2P(t)

r=,| 2 "7 r=.81
dt  [yR,T AT o

where y =1.4 for a diatomic gas and P (t) is the instantaneous fuel flask pressure. At 5000 psi,

the initial mass flow rate for hydrogen through a 2 mm radius hole is 0.134 kg/s. By use of the
ideal gas law, the mass flow rate can be integrated to give an explicit expression for the fuel flask

pressure P(t) as a function of time
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Figure 8 Hydrogen flask pressure as a function of time due to hole in end bell.

A crude estimate of the initial thrust developed in the end failure mode can be determined from’
F=C-AP (t) )

F denotes the thrust (Newton or pound), A, is the area of the hole and C; is the thrust

coefficient. In an actual rocket nozzle, the thrust coefficient determines the amplification of the
thrust due to gas expansion in the supersonic portion of the nozzle as compared to the thrust
developed if the chamber pressure acted over the throat area only. Since we have assumed
choked flow through the hole and there is no supersonic nozzle, the thrust coefficient is 1. For a
hole with a radius of 4 mm and an initial pressure of 5000 psi, the thrust is 1.73 kN or 390 Ibf.
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CONCLUSION

The numerical model and the experimental pressure dynamics show reasonable
agreement given the simplicity of the failure model (bursting balloon) and the complexity of the
actual failure. The calculated peak pressures are quite sensitive to the specified initial conditions
and probe location. The actual fuel vessel pressure immediately after bursting is reduced due to
the work done by the confined gas upon rupturing the vessel walls. The assumption of an
isothermal expansion is consistent with the experimental observation that the final gas
temperature is near ambient temperature and provides an upper limit for the explosion energy.
Calculations assuming an isentropic gas expansion provide a lower limit on the available
explosion energy due to adiabatic cooling. The effective pressure just after vessel rupture can be
determined from the Helmholtz free energy (Fig. 6) provided one knows the work done in
rupturing the vessel walls. As shown in Figure 6, this reduction in pressure due to rupture work
is nonlinear.

The use of artificial viscosity in solving the gas dynamic equations provides a simple and
direct algorithm which was quickly implemented in the FlexPDE 6 finite-element code. A
preliminary sensitivity analysis (Fig. 7) revealed a weak dependence of peak pressure upon the
choice of ¢ . Of greater concern in the accuracy of the model prediction is the determination of
the correct initial conditions. The formulated model is nonlinear and sensitive to the specified
initial conditions. Future work could include a more realistic model of the fuel flask failure and
allow for pressure-time (impulse) interactions with mechanical deformation on the launch tube
walls. The present model assumes a rigid cylindrical tube which is opened at one end. A closed
system with hydrogen gas could be explored. Due to acoustic speed differences and hydrogen’s
diatomic gas properties, the predictions would differ.

Some preliminary calculations have been undertaken with Comsol 4.2. This is a finite-
element code which can incorporate multi-physics. A geometry identical to the one developed
here has been constructed with both a Gaussian-like pressure profile and an actual flask with
wall containing a circular cut. The Comsol code can incorporate super-sonic flow, heat and mass
transfer and the elastic response and deformation of various material components within the
model.
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